changes over distances of 50-100 km and sea-salt concentrations drop by 50% between the middle two sites. One likely contributor to the high variability seen at this spatial scale is variability in synoptic-and finer-scale meteorology. Empirical orthogonal function (EOF) analysis shows that 80% or more of the variance in site chemistry can be attributed to two types of air masses: winter season air (50-70% of site variance) with a strong marine signature (heavy loading of sea-salt species) and summer season air (21% of the variance), marked by marine biogenic non-sea-salt SO 4 plus NO3. This pattern of winter and summer regimes appears at other West Antarctic sites suggesting it may apply to the entire region. We show that a general picture of the patterns of variability in West Antarctica can best be drawn by using an analysis technique that fully exploits high resolution, multiparameter, multisite data sets.
particular, is strongly influenced by warm air advecting southward and upslope onto the polar plateau as seen in automatic weather station (AWS) and other regional weather data [Hogan, 1997] . This warm air brings higher concentrations of marine aerosols and a significant amount of the moisture transported to this region [Bromwich, 1988; Hogan, 1997] .
To better understand the complex climatology of West Antarctica, high-resolution glaciochemical and accumulation rate records have been developed from tim cores at four sites in central West Antarctica ( 
Methods

Sample Preparation and Laboratory Analysis
High-resolution, subannual sampling was performed on each core from the surface down to a depth of 11 to 18 m depending on site accumulation rate (initially estimated from Bull [1971] salt fraction represents other sources for these species, for example, biogenic, crustal, volcanic, or anthropogenic.
Dating
The samples were dated with a combination of seasonal peaks present in the chemistry data and chronostratigraphic horizons provided by atomic bomb testing fallout peaks as verification points to check the accuracy of annual peak counts. Fallout peaks were found by measuring the gross 13-activity of 25 cm long samples for the depth range 6-16 m (Figure 2 ). Antarctic 13-activity profiles have an absolute maximum during the austral summer of 1964/1965 [Crozaz, 1969] representing the global peak level reached prior to the 1963 Atmospheric Test Ban Treaty. There is an approximate one year delay in transport to Antarctica for fallout products [Picciotto and Wilgain, 1963] . The next most prominent peak in the 13-activity profiles is in 1954/1955 and is due to the thermonuclear tests of March 1954 (the Castle series) and the subsequent temporary atmospheric testing moratorium of November 1958 to September 1961 [Koide et al., 1982; Pourchet et al., 1983] . This deeper peak is seen at Sites A and C (Figure 2) , but higher accumulation rates at Sites B and D place this horizon below the range sampled for 13-activity.
Annual peaks were identified using four seasonal indicators (nssSO4, NO3, ssNa, and the C1/Na ratio) derived from the original and partitioned chemistry species. Since the cores were collected during December 1994/January 1995, the surface samples tie the start of the time series to austral summer. Each of these indicators has been used for dating at other sites in comprise the primary seasonal indicators. The main contributor to nssSO4 seasonal variability in Antarctica is marine biogenic emissions which peak during the summer season [Herron, 1982; Whitlow et al., 1992] . Surface values at the CWA sites show either a distinct recent peak or a well-developed upward trend confirming the summer season peak. Nitrate peaks during spring/summer in Antarctica [Mayewski and Legrand, 1990 ; Mulvaney and Wolff, 1993; Whitlow et al., 1992] though the linkages between atmospheric NO3 concentrations and snow concentrations are not well understood [Legrand and Kirchner, 1990; Wolff, 1995] . The spring/summer NO3 peak is likely related to the sedimentation of polar stratospheric clouds (PSCs) which releases NO 3 into the polar troposphere where it can be removed by precipitation to the snow surface [Mayewski and . Nitrate surface values behave similarly to nssSO4 surface values at the CWA sites, confirming the seasonal timing for this species.
Two secondary seasonal indicators are ssNa (winter) and the C1/Na ratio (summer). As seen at coastal sites (for example, Neumayer [Wagenbach, 1996] ), near-coastal sites (for example, J-9 [Herron, 1981] ) and at South Pole [Whitlow et al., 1992] , ssNa reaches its peak in Antarctica due to increased winter storm activity. The timing of ssNa is confirmed by the low values seen in the near-surface samples at the CWA sites. The C1/Na ratio is useful as a secondary summer indicator [Whitlow et al., 1992] because additional summertime input of C1 as HC1 [Legrand and Delmas, 1988] keeps the relative level of C1 higher resulting in a summer peak in the C1/Na ratio. Surface values at Site C showed the expected high levels. The other sites were ambiguous at the surface but matched well with deeper nssSO4 peaks. Both of these indicators were used only to confirm peaks found in nssSO4 and NO3 because ssNa had multiple peaks during some years (likely due to nonwinter season storms) which also affected the C1/Na ratio.
Initial counting of years was done using nssSO4 and NO 3 independently to produce two sets of annual peaks. The two sets were merged by combining the nssSO4 peaks and the unique NO3 peaks (those that did not match a nssSO4 peak). Each of the annual peaks from the merged peak set was then matched to a peak in the C1/Na ratio and a trough in ssNa to be sure that there was at least one cycle present in these records between each proposed annual peak. Of the 160 annual peaks (four cores by 40 years), 84% were identified in both nssSO4 and NO3; the remainder (18 peaks) were found in just one of these species. Verification of the annual peak counts against chronostratigraphic horizons in the 13-activity profiles indicates a 0  20  40  60  80  0  30  60  90  120  0  20  40  60  80  0  20  40  60  80   6  6,,, I , 6, adequately assessed with such relatively short records. Extrapolation of trends to a larger region is questionable because of the significant interannual variability at these sites which makes it unclear whether the observed changes exceed the range of natural variability in this area. Longer records are required to establish the proper context for recent changes.
Glaciochemistry
Plots of glaciochemistry ( Figure 4 ) and summary statistics (Table 3) Figure 1) implies that a decreasing gradient in concentration might exist moving inland and upslope from the Ross Sea. Increasing elevation reduces concentrations as species are removed through wet deposition related to orographic effects. Sea-salt-influenced species (Na, C1, Ca, K, and Mg) also decrease with increasing distance inland as the marine source areas become more remote and coarse sea-salt aerosols are deposited through fallout [Legrand and Delmas, 1985] . Implicit in these relationships is an assumption that the average storm track direction in this region is roughly parallel to the line of core sites. This assumption is incorrect as shown by ground observations (for example, [Weyant, 1967] and 0.48, respectively). These results (32 nonsignificant correlations out of 42) mean that more than 75% of the intersite species-to-species comparisons have no predictive power; that is, the record of concentration at one site provides no information about that species at other sites, at least for annual averages. This quantitatively confirms the qualitative lack of intersite similarity seen in the smoothed data (for example, Figure 5) .
The small amounts of variance seen in the sparse number of significant linear correlations suggest at least two possible explanations for the high spatial variability. First, there is very little similarity between sites at this spatial scale (50 to 200 km). This is reasonable since significant variability at this scale has 
EOF Analyses and Circulation Patterns
EOF analyses of the 1954-1994 chemistry records at each site show a dominant EOF mode (EOF1) accounting for 54-69% of the site's variance at all four sites (Table 5 ). EOF1 has high variance for all the sea-salt-dominated species (Na, K, Mg, Ca, and C1, Table 6 ). The time series for EOF1 and the sea-salt fraction of the partitioned chemistry closely resemble each other visually and have high linear correlation coefficients. EOF1 is also the only EOF mode in which Na, Mg, and C1 appear at significant levels. These results suggest that sea-salt-laden marine air masses are the largest single contributor (>50%) to the variability in site chemistry at all sites. Because the sea-salt species peak primarily during the winter [Wagenbach, 1996; Whitlow et al., 1992] , EOF1 can also be considered a record of winter air masses. However, the multiple peaks that sometimes appear between winter peaks in the ssNa record suggest that seasalt species also arrive at times outside the "winter season" and therefore a portion of the overall sea-salt variability must come from these events as well.
Nitrate and SO 4 have high variance in two distinct EOF modes
at all sites which account for over -90% of their variance and a further -28% of the total site variance. The stronger mode, EOF2, accounts for 64-80% of the total variance in these two b Siple Dome data are for the period 1890-1990. species (Table 7) ,and about 20% of the total site variance (Table   5 ). Because ssSO4 is in EOF1, the SO4 in these two EOF modes represents portions (75% and 15%, respectively) of the nssSO4 component based on comparison with the partitioned series (the remaining 10% is in other, less significant EOF modes). The EOF2 time series also show a strong annual signal, suggesting that this mode represents the annual signals in these species (marine biogenic nssSO4 and PSC NO3). Because NO 3 and SO4 both peak during the summer [ The secondary NO3 and nssSO4 EOF mode accounts for another 15-30% of species variance (Table 7) but less than 10% of the total site variance (Table 5) . Unlike EOF2, NO3 and SO4 vary inversely in this mode. This EOF mode is likely a combination of background processes and, perhaps, some signal noise. The nssSO4 background signal probably reflects longdistance, upper tropospheric or stratospheric transport from sporadic events (for example, volcanic eruptions). Similarly, the NO 3 background signal likely represents, in part, long-distance transport from low-level, lower-latitude production sources such as lightning [Legrand and Delrnas, 1986] .
Results from short-term, high-resolution, single-site EOF analyses show that there are three consistent atmospheric circulation processes active at all four sites which account for approximately 80% of the total variance: marine sea- h Siple Dome data are for the period 1890-1990. The first three rows show the percentage of the total variance that the process represents for each site. The last three rows summarize the variance by process group and as the total variance identified by EOF analysis. a Minor processes are not significant at Site B.
salt-influenced winter air masses, biogenically and stratospherically influenced summer air masses, and background/stratospheric air (Table 8) However, it is unlikely that this is true for the bulk of the nssSO4 due to the pattern of nssSO4 concentrations and variability at other West Antarctic sites (Table 3) Of the nonmarine species, the modest increasing trend with elevation found by for NO3 is confirmed by the CWA data, though the individual sites show no distinct trend (Figure 8c ). Nitrate versus distance inland is ambiguous (Figure 8g ). Concentrations may be independent of increasing distance or the increasing trend found by ] may be present. Earlier work has shown NO3 to be independent of both controls [Herron, 1982; Legrand and Delmas, 1985] , and more research on this species remains desirable. The general independence of nssSO4 versus these controls is confirmed by the CWA data (Figure 8b , 80.
Conclusions
The combined results from analyses of glaciochemical and accumulation rate data from the four sites of this study show this region of central West Antarctica to be one of high spatial variability for both atmospheric chemistry and moisture transport. The subjective variability seen in graphs and averages of the data is confirmed by poor results from intersite correlations. There is some evidence for regimes of marine influence in the pairing of Sites A and B and Sites C and D through comparable sea-salt concentrations within the site pairs but significant differences between the pairs. The explanations for the high spatial variability are elusive. Elevation, the path of warm air advection, variations in storm tracks, and small-to medium-scale topography will all have some influence along with other, larger-scale climate factors.
Yet EOF analysis shows that the same overall circulation processes are operating at all the sites even though the concentrations (and accumulation rates) are uncorrelated. An average of 79% of the variability at the CWA sites can be described using just two atmospheric circulation regimes: winter sea-salt laden air and summer nssSO4-and NO3-1aden air. The existence of a marine sea-salt influence on the chemistry of central West Antarctica is expected since it is known that storms regularly track into this region from the Amundsen and Bellingshausen Seas [Harris, 1992] . The strength of this influence, 50-70% of site variability, was less predictable and emphasizes the effect these storms have on West Antarctica.
While less dramatic, the summer season circulation, with an average of 21% of site variability, also brings a distinct marine signature in the form of biogenic nssSO4. The polar stratosphere also affects the summer season variability by contributing significant NO3 from PSC breakup [Mulvaney and Wolff, 1993] and other sources to the region. The signature of these winter and summer air mass patterns is recognizable only with a multiparameter, multisite analysis. This atmospheric chemistry pattern is also seen at other sites in West Antarctica (for example, Siple Dome), suggesting that it is present throughout the region.
These two conclusions, high spatial variability and simple air mass regimes, are not contradictory. It is possible, indeed probable, that the species all arrive in different seasons (though with some overlap) but that incorporation of the chemistry into the snow is highly variable. This pattern may also extend to a much larger portion of West Antarctica based on comparisons with a limited number of other sites. A simpler picture of the patterns of variability in West Antarctica can thus be drawn by using analysis techniques that fully exploit high-resolution, multiparameter, multisite data sets.
